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Post-translational modifications (PTMs) of proteins are important in the activation, localiza-
tion, and regulation of protein function in vivo. The usefulness of electron capture dissociation
(ECD) and electron-transfer dissociation (ETD) in tandem mass spectrometry (MS/MS) using
low-energy (LE) trap type mass spectrometer is associated with no loss of a labile PTM group
regarding peptide and protein sequencing. The experimental results of high-energy (HE)
collision induced dissociation (CID) using the Xe and Cs targets and LE-ETD were compared
for doubly-phosphorylated peptides TGFLT(p)EY(p)VATR (1). Although HE-CID using the Xe
target did not provide information on the amino acid sequence, HE-CID using the Cs target
provided all the z-type ions without loss of the phosphate groups as a result of HE-ETD
process, while LE-ETD using fluoranthene anion gave only z-type ions from z5 to z11. The
difference in the results of HE-CID between the Xe and Cs targets demonstrated that HE-ETD
process with the Cs target took place much more dominantly than collisional activation. The
difference between HE-ETD using Cs targets and LE-ETD using the anion demonstrated that
mass discrimination was much weaker in the high-energy process. HE-ETD was also applied
to three other phosphopeptides YGGMHRQEX(p)VDC (2: X  S, 3: X  T, 4: X  Y). The
HE-CID spectra of the doubly-protonated phosphopeptides (  [M  2H]2) of 2, 3, and 4
using the Cs target showed a very similar feature that the c-type ions from c7 to c11 and the
z-type ions from z7 to z11 were formed via N–C bond cleavage without a loss of the phosphate
group. (J Am Soc Mass Spectrom 2010, 21, 1482–1489) © 2010 American Society for Mass
SpectrometryPost-translational modifications (PTMs) of pro-teins are important in vivo, especially, reversibleprotein phosphorylation, principally localized on
serine, threonine, or tyrosine residues, is one of the
most important and well-studied. Phosphorylations
play crucial roles in the regulation of cellular processes
such as cell cycle, cell growth, apoptosis, and signal
transduction [1, 2]. Although the mass analysis of
phosphorylated proteins and peptides has become pos-
sible since the development of electrospray ionization
(ESI) technique [3], the determination of phosphory-
lated positions has not yet been achieved by the most
popular dissociation method, namely, a low-energy
collisionally activated dissociation (LE-CAD) per-
formed by using the tandem mass spectrometry (MS/
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doi:10.1016/j.jasms.2010.05.010MS) [4]. Electron capture dissociation (ECD) using a
Fourier transform ion cyclotron resonant mass spec-
trometer (FT-ICR-MS) [5–8] and electron-transfer disso-
ciation (ETD) using a linear trap mass spectrometer [9,
10] can provide information on c- and z-type ions [11,
12] produced via N–C backbone cleavage with no loss
of labile PTM groups, such as phosphate and sulfate
groups [13, 14]. The N–C backbone cleavage is differ-
ent from other fragmentations brought about by colli-
sional activation or infrared photoexcitation of closed-
shell cations [15]. The charge reduced peptide cation
radicals formed by ECD and ETD are known to disso-
ciate at various positions via the low-energy transition-
state for bond cleavage [16–20]. Differences between
ECD and ETD are also reported [15, 21, 22] .
Charge inversion mass spectrometry using alkali
metal targets [23–29] for singly protonated peptides and
amino acids provided the information of the radical
traps in the dissociation mechanism of the charge
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induced by electron-transfer processes of multiply
charged peptides upon collision with alkali metals have
been reported by Hvelplund and coworkers [32–37].
The mechanism of HE-ETD of doubly-charged ions on
collision with alkali metal targets were elucidated by
using thermometer molecules W(CO)6 [38, 39]. Re-
cently, the result of electron-transfer process in the HE
collision of the doubly-protonated phosphopeptides
[(YGGMHRQET(p)VDC)  2H]2 (1) with the Cs target
has been reported [40]. The component of (MHRQET
(p)VDC) corresponds to an autophosphorylation site of
Ca2/calmodulin (CaM)-dependent protein kinase II
(CaMKII), phospho-CaMKII (281-289), which was a
physiologically important sequence in learning and
memory [41, 42]. Two phosphopeptides in which T(p)
was replaced by S(p) or Y(p) are used in this work. A
synthetic peptide TGFLT(p)EY(p)VATR (Erk2) is uti-
lized as a representative of doubly-phosphorylated
peptide. MAP kinase (mitogen-activated protein kinase,
Erk2) is an important protein kinase in a cellular re-
sponse [43]. MAP kinase is phosphorylated by activated
MAP kinase (MEK) at Thr183 and Tyr 185, leading to
activation of the kinase. TGFLT(p)EY(p)VATR corre-
sponds to these phosphorylation sites.
In the present work, HE-ETD using the Cs target was
applied to the phosphopeptides, which have two phos-
phorylation sites and different amino acid residues
phosphorylated. A large difference of the spectra ob-
tained for HE-ETD using a Cs target compared with
those obtained for HE-CAD using a Xe target and
obtained for LE-ETD using a negative ion demonstrated
the superiority of HE-ETD when Cs is used as a target.
Experimental
Sample Preparation
Phosphopeptides YGGMHRQES(p)VDC (1), YGGMH
RQET(p)VDC (2), YGGMHRQEY(p)VDC (3), and TGF
LT(p)EY(p)VATR (4), were synthesized by use of a Shi-
madzu PSSM-8 automated peptide synthesizer according to
the method of Wakamiya et al. [44] and the obtained pep-
Figure 1. Schematic of the MS/MS instrumen
upgrading the conversion dynode.tides were purified by reversed-phase high-performance
liquid chromatography [45]. The identity and purity of
the peptides were confirmed by matrix-assisted laser
desorption/ionization (MALDI)-TOFMS using a Voyager
DE-STR mass spectrometer (Applied Biosystems, Foster,
CA, USA) and -cyano-4-hydroxycinammic acid as a
matrix. Each of those peptides was electrosprayed from a
solution of 1:1 water:methanol containing 2% acetic acid
by volume.
Tandem Mass Spectrometry for High-energy
Collision Induced Dissociation (HE-CID), Which
Included Collisionally Activated Dissociation and
Electron Transfer Dissociation
Mass-selected doubly-protonated sample ions were col-
lided with either a Xe or a Cs targets, and resulting
singly- and doubly-charged ions were mass-analyzed
by using a tandem mass spectrometry (MS/MS) instru-
ment. In the present instrument, a quadrupole lens
doublet was newly mounted and the conversion dy-
node of the detector was changed from the flat type
used in the previous instrument [39, 46] to a curved
type. A schematic of the modified instrument is shown
in Figure 1. Doubly-protonated peptide ions were gen-
erated by an electrospray ionization source (JEOL,
Tokyo, Japan, MS-API10/BU). A sample solution was
infused into an electrospray emitter at a flow rate of 30
L/min. The doubly-protonated ions were accelerated
to a kinetic energy of 10 keV by applying an accelerat-
ing voltage of 5 kV. Mono-isotopic ions were mass
selected by a JEOL JMS-HX110 double-focusing mass
spectrometer (MS-I). The mass-selected precursor ions
were led to a 3.7 cm long collision cell located at the exit
of MS-I. Cs vapor was introduced into the collision cell
from a reservoir through a ball valve. The temperatures
of the collision cell, the ball valve, and the reservoir
were adjusted to control the density of Cs vapor in the
collision cell. The CID spectra using the Cs target were
measured under the transmittance of 35% by control-
ling the temperature, under which the condition of
single collision with the target was presumably
dified by adding the quadrupole lens and byt mo
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singly- and doubly-charged positive ions were mass-
analyzed by a spherical electrostatic analyzer of a
central radius of 216 mm (MS-II). The flight length
between the exit of the target chamber and the entrance
of the MS-II was 230 mm. The mass-analyzed ions were
detected by a post-acceleration secondary-electron mul-
tiplier. The quadrupole lens doublet mounted between
the JMS-HX110 and the collision cell improved the
efficiency of ion transmission into the collision cell about
10 times. By applying 11 kV to the curved type conversion
dynode, ion intensities of charge reduced fragment ions of
both lower and higher masses than those of the precursor
ions were significantly increased [46].
By changing the collision cell, the Xe gas target was
introduced in a collision cell of the same size as was
used for the alkali metal target. The density of the Xe
gas was controlled by means of a variable-leak valve
(Swagelok, Solon, OH, USA, SS-22RS2). The target gas
pressure was directly measured by means of a capaci-
tance manometer (MKS, Andover, MA, USA, Baratron
127AA-00001B) attached to the collision cell by a pipe of
a 26 mm i.d. with a gas conductance of 11 dm3s–1. The
CID spectra for the Xe target were measured at the gas
pressure of 0.45 Pa in the collision cell, which allowed a
transmittance of about 50%. The scattering cross section
was estimated to be 1.6  10–15 cm2 from the target
pressure and the transmittance. This value for the Xe
target was four times larger than that of the W(CO)6
2
ion on collision with the Ar target [38]. The pressures
measured by ionization gauges mounted on both the
vacuum chamber and on MS-II were less than 6  10–5
Pa when the target gas was not supplied.
Measurement of Low-Energy ETD Spectra
Low-energy spectra were measured with a Finnigan
LTQ XL (ThermoFisher Scientific, Waltham, MA, USA).
A relevant sample was introduced into a nano-spray
ion source. For the low-energy ETD measurements,
doubly-protonated phosphopeptides were collided
with fluoranthene anion formed by chemical ionization
at a collision energy of 35 eV in the period of 200 ms. To
improve the resolution, He gas was introduced in the
linear trap. The spectrum shown in the present paper
was accumulated 200 times.
Results and Discussion
Collision Induced Dissociation (CID) Spectra
Using the Xe and Cs Targets and ETD
Spectrum Using Fluoranthene Anion of
Doubly-Phosphorylated Peptide 1
Figures 2a and b show CID spectra of the doubly
charged phosphopeptide [(TGFLT(p)EY(p)VATR) 
2H]2 ( [M 2H]2, 1) with the Xe (Figure 2a) and Cs
(Figure 2b) targets, respectively, both of which were
recorded by using a sector type MS/MS instrument.Figure 2c is an ETD spectrum of the phosphopeptide
collided with a singly-charged anion, and measured by
the Finnigan LTQ XL mass spectrometer. Except the
sharp precursor ion peak, the other sharp peaks ob-
served in Figure 2a are located only in the two m/z
regions, one lower than 150 and the other between 650
and 700 in m/z. The former are ascribed to the immo-
nium ions which are fragment ions formed from corre-
sponding amino acid residues. The latter are the doubly-
charged fragment ions formed by losing a side chain
from the precursor ions. Although several small and
broad peaks are observed in both m/z regions lower and
higher than that of the precursor ions, series of peaks
ascribable to backbone cleavage of the peptide sequence
are not observed. While CAD spectra using 4-sector
MS/MS instruments reported by Biemann and Martin
[47] and Fenselau and coworkers [48] provided sharp
peaks assigned as a-type ions, our spectrum using
3-sector (EBE) instrument provided broad peaks due to
Figure 2. CID spectra of the doubly charged phosphopeptide (1:
TGFLT(p)EY(p)VATR) with the Xe (a), and Cs (b) targets and ETD
spectrum (c) of the phosphopeptide with fluoranthene mono-
anion, measured by Finnigan LTQ XL.kinetic energy releases. On the other hand, as seen in
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peaks are observed in m/z regions both lower and
higher than that of the precursor ions, accompanied by
the ions observed in the CID spectra measured with the
Xe target. The most intense fragment peaks are the
charge reduced one with the loss of small radical,
neutrals and side chains. While the loss H2 and H2O
were supposed in the previous paper [40], H and NH3
loss were reported by electron capture induced disso-
ciation by Hvelplund and coworkers [36, 37].m/z values
of these peaks cannot be confirmed within  1 u
accuracy due to the peak broadening caused by the
kinetic energy release. Small but clear peaks of z- and
y-type ions are observed as a series in Figure 2b whose
m/z values are evaluated from their center m/z values of
the respective peaks. These m/z values are tabulated in
the third column of Table 1 for z-type ions. Except for
z5, the m/z values agree with those of the series of z-type
for which neither phosphate group is lost. The large
shift of z5 is supposed due to peak-overlapping with
doubly charged fragment ions. The series of the z- and
y-type ions are the most intense fragment ions among
other types of backbone fragment ions and all the z- and
y-type ions are observed in the series.
The common features found in HE-CID between the
Xe and Cs targets are due to the presence of the
immonium ions, the doubly charged fragment ions with
loss of side-chain, and the broad peaks due to a7 and a9
ions are observed at m/z 947 and 1114. Those ions
observed in the CID spectra with the Xe target are
supposed to result from the high-energy collisionally
activated dissociation (HE-CAD). Thus, the same ions
observed in the CID spectra with the Cs target are
considered to indicate that HE-CAD processes take
place also with the Cs target. The charge-reduced ions
that were not observed with the Xe target are predom-
inant in the CID spectrum with the Cs target and are
supposed to be formed as a result of the high-energy
electron-transfer-dissociation (HE-ETD). From the large
difference of the spectra that occurred upon interchang-
Table 1. The values of m/z observed for the z-type ions
produced from the doubly-phosphorylated peptide
TGFLT(p)EY(p)VATR and detected in both CID spectrum using
the Cs target and ETD spectrum using fluoranthene (F.) anion.
The values for m/z are the differences between the calculated
and measured m/z values
Fragment
m/z
(calculated)
m/z
(Cs)
m/z
(Cs)
m/z
(F.)
m/z
(F.)
z1 159.10 158.8 –0.3
z2 260.15 259.2 0.9
z3 331.19 330.9 0.3
z4 430.25 429.7 0.6
z5 673.28 671.7 1.6 673.3 0.0
z6 802.33 801.6 0.7 802.3 0.0
z7 983.34 983.1 0.2 983.3 0.0
z8 1096.40 1096.3 0.1 1096.3 0.1
z9 1243.49 1243.5 0.0 1243.3 0.2
z10 1300.51 1300.9 0.4 1300.4 0.1ing the target species Xe and Cs, it is concluded that the
HE-ETD process provided the ions only observed with
the Cs target, and HE-ETD is a process much more
effective than HE-CAD with the Cs target. At the same
time, it can be said that it is not possible to identify
the peptide sequence only from the CID spectrum
with the Xe target because random backbone cleav-
ages do not occur in HE-CAD. On the contrary to this,
in the CID spectra with the Cs target, the charge-
reduced ions associated with the backbone cleavage
and those with the loss of small neutrals are dominantly
produced by HE-ETD. Since the whole series of z-type
and y-type ions are observed without a loss of any
phosphate group, it is possible to confirm the amino
acid sequence and the position of the phosphorylation
only by the HE-ETD process using the Cs target.
The spectrum feature of LE-ETD with fluoranthene
anion shown in Figure 2c is significantly different from
the CID spectra measured upon high-energy collision.
Sharp peaks of the z-type ions without a loss of the
phosphate group are clearly observed, and 0.2 u
accuracy of the m/z value is accomplished in LE-ETD as
is shown in the sixth column in Table 1. Charge reduced
ions and those with loss of small neutrals are dominant
in higher mass region of Figure 2c as is the case with
HE-CID using Cs target. In contrast to the HE-CID
spectrum using the Cs target, the peak intensity in the
lower m/z region is weak, and z-type ions with lower
masses than z4 are not observed.
In the LE-ETD spectrum shown in Figure 2c, charge-
reduced ions and those that have lost small neutrals
prevail. In the spectrum, the z-type ions with the
phosphate group undetached are clearly observed. The
y8 and y9 ion peaks are also observed. The m/z values of
these peaks show a good agreement with the calculated
ones as shown in the sixth column of Table 1. Since the
peptide has arginine at its C-terminal and the side chain
of the arginine possesses an electric charge, the obser-
vation of the z-type and y-type ions is reasonable and
consistent with Figure 2b, measured by HE-ETD tech-
nique using the Cs target. The agreement between
LE-ETD and HE-ETD indicates that the dissociation
mechanism of the charge-reduced ions formed from
electron-transfer is similar in spite of significantly dif-
ferent collision energies available in electron-transfer.
HE-ETD provided all of the z-type ions as shown in
Figure 2b, though z-type ions of masses lower than z4
are not observed in the LE-ETD spectrum. On the
basis of the LE-ETD spectrum alone, therefore, it is
not possible to confirm the complete peptide se-
quence. On the contrary to this, although the peak
widths are broad because of the larger kinetic ener-
gies of the fragment ions, small but clear peaks
corresponding to all of the z-type ions are observed
by HE-ETD without loss of any phosphate groups. It
is possible to confirm the amino acid sequence and
position of the phosphorylation only by the HE-ETD
spectra measured with the Cs target.
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The CID spectra of the doubly charged phosphopeptides
of [M  2H]2 of 2: M  (YGGMHRQES(p)VDC), 3: M 
(YGGMHRQET(p)VDC), and 4: M  (YGGMHRQEY(p)
VDC)measuredwith the Cs target are shown in Figure 3a,
b, and c, respectively. These peptides are different only in
the amino acid residue phosphorylated. Spectral features
are very similar to each other. Most intense charge-
reduced peaks observed in the highestm/z regions in each
spectrum are presumed to arise from loss of small radi-
cals, molecules, and side chains. Immonium ions are
observed in the m/z region lower than 150, similar to
Figure 2a and b. Except for the immonium ions, sharp
peaks are few in the m/z region lower than that of the
precursor ion. Small but well-resolved peaks are observed
as a series in Figure 3a, b, and c. The values for m/z
evaluated from a center m/z value of each peak are
tabulated in Table 2. The peaks of z7 and c8 ions in Figure
3c cannot be discriminated because of a small difference of
m/z values as shown in Table 2. The c-type ions produced
via N–C backbone cleavage are most intense regardless
Figure 3. CID spectra of the doubly charged phosphopeptide (2:
YGGMHRQES(p)VDC) (a), (3: YGGMHRQET(p)VDC) (b), and (4:
YGGMHRQEY(p)VDC) (c) with the Cs target. Fragment peaks
and their intensities are similar irrespective of the amino acids
phosphorylated.of the phosphopeptides 2 to 4. While the m/z values for c6
to c8 are identical in all the spectra of Figure 3 since the
corresponding fragments do not include the amino acid
phosphorylated, those of c9 to c11 and z6 to z11 differ from
spectrum to spectrum because these fragments include an
amino acid phosphorylated. Based on the shift of the m/z
values for c9 to c11 and z6 to z11, all of which depend on the
amino acid phosphorylated, these m/z values are defi-
nitely assigned to the c-type and z-type ions formed by via
N–C backbone cleavage for any of the phosphopeptides
2 through 4. The abundances of z-type ions (z7  z11) are
lower than those of the c-type ions. Relative ion intensities
of both c- and z-type ions are similar regardless of the
phosphopeptides 2 to 4 as shown in Figure 3. Several
peaks observed in the m/z region located higher than the
m/z values for the c11 ions, whose m/z values showed the
same shift from the respective largest charge reduced
peak, are assigned to the charge-reduced ions accompa-
nied by a loss of side chain of the corresponding amino
acid residues. Comparatively large differences in m/z
values among z6 in 2, c7 in 3, and c6 in 4 given in Table 2
are supposed due to peak-overlapping with other ions.
While all of the z-type ions are observed in Figure 2b, the
peaks of from c1 to c5 and from z1 to z5 of 2, 3, and 4 are not
observed in Figure 3 because of insufficient intensities.
The abundant presence of c- and z-type ions in the
higher mass region is explained by taking the position
of the arginine, which may have an electric charge on its
side-chain, into an account. The observation agreed
with the supposition that the charge-reduced ion hav-
ing the arginine does not induce a H atom transfer to
the backbone [30]. From the c- and z-type ions, it is
possible to confirm the amino acid sequence and the
position of the phosphorylation for any of the amino
acid phosphorylated through the CID spectra with the
Cs target as a result of HE-ETD.
Comparison of the HE-ETD Using the Alkali
Metal Target with the LE-ETD Using the Anion
Measured for Three Different Amino Acids
Phosphorylated
The LE-ETD spectra of the doubly charged phos-
phopeptides of [M 2H]2 of 2, 3, and 4measured with
fluoranthene anion are shown in Figure 4a, b, and c,
respectively. Spectral features are very similar to each
other, as do those of the CID spectra using the Cs target.
Most intense charge-reduced peaks observed in the
highest m/z regions in each spectrum arise from H loss
and small radicals. The c-type (c5 to c11) and z-type (c7 to
c11) ions produced via N–C backbone cleavage are
most intense among other types of backbone fragment
ions regardless of the phosphopeptides 2 to 4, as shown
in Figure 4. While relative abundances of the respective
c-type and z-type ions by the LE-ETD in Figure 4a, b,
and c are not same as those by HE-ETD in Figure 3a, b,
and c, spectral features between the LE-ETD and the
HE-ETD are similar for the respective precursors. In
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charged ion with m/z of 750 u accelerated by 5 kV is 3.6
104 m/s [23]. By assuming that the interaction region is
twice of 6.8 10–10 m of the length at the Landau-Zener
potential crossing evaluated for the Cs target [39], the
Figure 4. ETD spectra of the doubly charged phosphopeptide (2:
YGGMHRQES(p)VDC) (a), (3: YGGMHRQET(p)VDC) (b), and (4:
YGGMHRQEY(p)VDC) (c) with the fluoranthene anion. Fragment
peaks and their intensities are similar irrespective of the amino
Table 2. The values of m/z observed for the c-type and z-type io
2:YGGMHRQES(p)VDC, 3:YGGMHRQET(p)VDC, and 4: YGGMH
m/z stands for the difference between the calculated and measu
Peptide
fragment
YGGMHRQES(p)VDC Y
m/z (cal.) m/z (Cs) m/z(Cs) m/z (cal.
c6 719.34 719.34
z6 744.20 741.8 –2.4 758.22
c7 847.40 846.0 1.4 847.40
z7 900.30 900.1 0.2 914.32
c8 976.44 974.8 1.6 976.44
z8 1037.36 1037.5 0.1 1051.38
c9 1143.44 1141.8 1.6 1157.46
z9 1168.40 1167.0 1.4 1182.42
z10 1225.43 1224.5 0.9 1239.44
c10 1242.51 1241.8 0.7 1256.52
z11 1282.45 1282.3 0.1 1296.46
c11 1357.54 1355.5 2.0 1371.55acids phosphorylated.interaction time between the collision partners is esti-
mated to be 3.8  10–14 s. A period for dissociation was
estimated from the length of 230 cm between the exit of
the target chamber and the entrance of the MS-II is 6.5
s. This period is much shorter than the reaction time in
the LE-ETD. Although the electron binding energies of
0.63 eV to be the electron affinity of the fluoranthene is
much smaller than that of 3.89 eV of the ionization
energy of the Cs, the difference of internal energies
depositing to the charge reduced species between HE-
ETD and LE-ETD is affected by charge-induced dipole
interaction in the entrance channel of the electron-
transfer as discussed in the previous papers [38, 39].
While these differences exist, the similar result between
the HE-ETD and the LE-ETD is supposed due to the
electron-transfer process of bound electrons in both
processes.
Conclusions
The HE collision-induced dissociation (HE-CID) spectra
of the doubly-protonated phosphopeptide ( [M 
2H]2) of 1, 2, 3, and 4 were measured with the Xe and
Cs targets. While abundant product ions with the Xe
target were immonium ions and doubly-charged frag-
ment ions, those with the Cs target were the charge-
reduced fragment ions, whose relative abundances
were about 10 times larger than those of the immonium
ions and doubly-charged fragment ions. The difference
between the Xe and the Cs target indicates that colli-
sions with the Cs target allow much more effective ETD
than CAD. In the CID spectra with the Cs target, c-type
and z-type ions produced via backbone cleavages were
clearly observed for all the peptides. For 1, in particular,
the z-type ions from z-1 to z-11 were clearly observed.
These fragment ions provided information on the com-
plete peptide sequence and the position of the phos-
phorylation. In the spectra of LE-ETD, no charge-
reduced fragment ions were observed in mass region
roduced from the doubly-phosphorylated peptides of
Y(p)VDC, and detected in the CID spectra using the Cs target.
alues
HRQET(p)VDC YGGMHRQEY(p)VDC
m/z (Cs) m/z(Cs) m/z (cal.) m/z (Cs) m/z(Cs)
719.4 0.1 719.34 721.4 1.9
820.23
845.3 2.1 847.40 847.2 0.2
915.6 1.3 976.34 975.3 1.0
974.9 1.5 976.44 975.3 1.1
1051.6 0.2 1,113.39 1113.0 0.4
1157.1 0.4 1219.47 1218.7 0.8
1180.5 1.9 1244.44 1244.6 0.2
1238.9 0.5 1301.16 1301.6 0.4
1254.9 1.6 1318.54 1317.7 0.8
1295.6 0.9 1358.48 1358.2 0.3
1370.6 1.0 1433.57 1432.1 1.5ns p
RQE
red v
GGM
)lower than that of the precursor ion. HE-ETD provided
1488 HAYAKAWA ET AL. J Am Soc Mass Spectrom 2010, 21, 1482–1489peptide sequences in full mass range without losing
phosphate groups. The CID spectrum of 1 indicated
that HE-ETD could reveal the position of phosphoryla-
tion, irrespective of the number of phosphorylation.
The CID spectra of 2, 3, and 4 showed a very similar
trend as do those of 1, which provided the c-type ions
from c7 to c11 and the z-type ions from z7 to z11 formed
via N–C bond cleavage without a loss of the phos-
phate group. These results indicate that HE-ETD can
provide us information on the peptide sequence regard-
less of a kind of amino acid phosphorylated. The
finding that only z-type ions were observed for 1 was a
large difference between 1 and a group of 2-4 and was
explained by the position of arginine, whose side chain
has the largest proton affinity among amino acids.
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